We present an experimental and theoretical study of the emission and absorption spectra of the Ba + ions and Ba + * He excimer quasimolecules in the cryogenic Ba-He plasma. We observe several new spectral features in the emission spectrum which we assign to the electronic transitions between bound states of the excimer correlating to the 6 2 P 3/2 and 5 2 D 3/2,5/2 states of Ba + . The resulting Ba + (5 2 DJ )He is a metastable electronically excited complex with orbital angular momentum L=2, thus expanding the family of known metal-helium quasimolecules. It might be suitable for highresolution spectroscopic studies and for the search for new polyatomic exciplex structures.
We present an experimental and theoretical study of the emission and absorption spectra of the Ba + ions and Ba + * He excimer quasimolecules in the cryogenic Ba-He plasma. We observe several new spectral features in the emission spectrum which we assign to the electronic transitions between bound states of the excimer correlating to the 6 2 P 3/2 and 5 2 D 3/2,5/2 states of Ba + . The resulting Ba + (5 2 DJ )He is a metastable electronically excited complex with orbital angular momentum L=2, thus expanding the family of known metal-helium quasimolecules. It might be suitable for highresolution spectroscopic studies and for the search for new polyatomic exciplex structures. 
I. INTRODUCTION
Helium does not form any chemical compounds. An overlap between the filled 1s orbital of He and the electron density of any other atom leads to strong repulsion according to the Pauli principle. However, quasimolecules (bound states) formed by one or several He atoms and an electronically excited metal atom are well known and are referred to as excimers and exciplexes. In these complexes, He atoms are arranged around a highly anisotropic valence electron orbital of the excited metal atom in such a way that there is no overlap of the electronic clouds. Pauli repulsion therefore does not play a role and the complex is bound by van der Waals forces. These quasimolecules play an important role as model systems in quantum chemistry and in the physics of quantum fluids [1] [2] [3] [4] [5] [6] [7] . They have been observed experimentally in cold He gas [8] [9] [10] , bulk liquid He [9, 11] , and solid [12] [13] [14] He, and on He nanodroplets [15] [16] [17] [18] . There have also been related studies on excimer molecules formed by heavier rare gases (reviewed in [19] ) and a more recent work on long-range metal-helium van der Waals complexes formed at ultralow temperatures in buffer gas traps [20, 21] .
Most known metal-helium complexes have electronic orbital angular momentum L = 1, which corresponds to a P state of the metal atom. They are observed and identified via their spontaneous emission transitions terminating at the unbound electronic ground state. Owing to very strong Pauli repulsion in the ground state, all these bound-free transitions are spectrally very broad and strongly red-shifted with respect to the corresponding transitions of a free metal atom.
The excimer formed by an electronically excited Ba + ion in the L = 1 state and a ground-state He atom has been previously studied both theoretically [22, 23] and * petr.moroshkin@riken.jp † http://www.riken.jp/en/research/labs/cems/qtm_inf_electron/qtm_condens_phases/ experimentally [10, 24] . Here we report an experimental observation of the Ba + * He complex in an electronic state with a higher orbital angular momentum, L = 2, i.e., a D-state. We obtain a series of electronic transitions between the quasimolecular states correlating to the 5D and 6P states of Ba + . For these transitions, both the initial and the final state are bound states. Therefore, they are spectrally sharp and reveal a well-resolved vibrational structure. To the best of our knowledge, transitions of this type (bound-bound) are observed in the emission spectra of metal-He excimers and exciplexes for the first time. The closest analogues are the visible and near-infrared bands of the He * 2 excimer [25, 26] .
II. EXPERIMENT
The experiments were performed in an optical He bath cryostat cooled to T = 1.35-1.7 K by pumping on the He bath. A top view of the cryostat and the optical setup is shown in Fig. 1 (a) and a vertical cross section of the sample cell is shown in Fig. 1(b) . The cell was half-filled with liquid He. Ba atoms and clusters were produced by laser ablation from a Ba metal target positioned above the liquid He. The ablation was performed by a frequencytripled pulsed diode-pumped solid-state (DPSS) laser (λ = 355 nm) operating at a repetition rate of 100 Hz with a pulse energy of 70 µJ. The ablation laser beam enters the sample cell through a side window. The expanded laser beam is focused by an f = 10 cm lens mounted on an XY translation stage. During the laser ablation, the lens is constantly moving in a plane orthogonal to the optical axis. The ablation spot is thus moving along the target surface and the laser pulse always hits a fresh spot. In this way, we reduce the hole-drilling effect and improve the stability of the ion yield.
The ablation products are ionized by the radio frequency (r.f.) discharge created inside an r.f. helical resonator with an open lower end. The resonator is driven at its resonance frequency of 433 MHz. The output power of the r.f. amplifier is varied in the range of 1-10 W, which results in heating of the sample cell by 10-100 mK. Ba + ions in the He gas above the liquid He are excited by a cw laser beam of a frequency-doubled tunable Ti:sapphire laser pumped by a cw green DPSS laser (λ = 532 nm). The cw laser beam crosses the sample cell in the opposite direction to the ablation laser. The output wavelength of the Ti:sapphire laser is controlled by a wavelength meter with an absolute accuracy of 200 MHz. The laser is tuned to λ = 911.0617 nm (10976.205 cm −1 ). At this wavelength, the output radiation of the second harmonic generator (SHG) is in resonance with the 6
The laser-induced fluorescence of Ba + together with the emission of the r.f. plasma at the open end of the helical resonator is collected at 90
• with respect to both laser beams and is imaged on the entrance slit of a grating spectrometer equipped with a CCD camera.
A typical pair of spectra recorded under the same conditions, but with and without laser ablation is shown in Fig. 2 . With the ablation laser turned off, the observed spectrum consists of spectral lines of He atoms and He * 2 excimers produced in the r.f. plasma. With the ablation laser switched on, the spectrum is dominated by the lines of Ba + . We verified that this is indeed laser-induced fluorescence and not the emission by Ba + ions excited by collisions in the r.f. plasma or in the ablation plume. The excitation spectrum of this emission obtained by scanning the Ti:sapphire laser and recording the fluorescence intensity of the strongest line at 614.2 nm is shown in Fig. 5 (a). The lineshape is fitted with Lorenzian profile shown by the solid line. The center wavelength coincides within the accuracy of the measurement with that of the 6 2 S 1/2 → 6 2 P 3/2 transition in a free ion and the FWHM spectral width is equal to 1.79±0.07 GHz. Under these conditions, the spectral lines of neutral Ba atoms excited by the r.f. plasma are much weaker. Only the strongest line of the Ba atoms can be distinguished in Fig. 2 2 P 3/2 state and can be populated by fine-structure mixing atomic collisions in the plasma.
The broad spectral feature at 460-480 nm is assigned to the emission of the Ba + * He excimer [10, 24] . The electronic energy levels of this complex are shown in the central part of Fig. 3 . The quasimolecule is formed upon the laser excitation of the Ba + to the 6 2 P 3/2 state along the attractive potential curve labeled G 2 Π 3/2 , and it decays via a spontaneous emission to the X 2 Σ 1/2 ground state.
Small variations of the cell temperature in the range of 1.4 -1.7 K lead to large changes in the intensities of the two lines originating from the 6 2 P 1/2 state and the excimer emission. Typically, the intensity increases with the temperature, although the fluctuations are too large for a detailed study. As the density of the He vapor rapidly increases with the temperature, the probability of collisions with He atoms increases and the population of these states is expected to grow.
Several smaller spectral features exist in the range of 590 -630 nm that appear together with the spectral lines of Ba + and the Ba + * He excimer. In the inset of Fig. 2 we show a magnification of the relevant part of the spectrum with the positions of the new spectral lines marked by vertical arrows. These lines cannot be identified with any transitions of Ba + , or neutral Ba and He atoms, neither with transitions of Sr or Ca, which can be contained in the ablation target as impurities. They are excited only with the Ti:sapphire laser tuned exactly to the wavelength of the 6 2 S 1/2 → 6 2 P 3/2 absorption line, in the same way as for all other spectral lines discussed above. The temperature dependence of their intensity is similar to that of Ba + * He excimers and the transitions originating from the 6 2 P 1/2 state.
III. THEORETICAL MODEL
We interpret the newly discovered spectral lines as a band of transitions between the electronic states of the Ba + * He complex (excimer) correlating to the 6 2 P 3/2 and 5 2 D 3/2,5/2 electronic states of Ba + . Our theoretical model is based on the set of ab initio Ba + -He pair potentials calculated in [22] . These potential curves depend on the orientation of the orbital angular momentum of the valence electron of Ba + with respect to the internuclear axis but do not take into account the spin-orbit coupling. The spin-orbit coupling is included in the model following the standard approach. We write the total Hamiltonian of the complex H tot (R) as the sum of the spin-orbit term H SO and the interaction Hamiltonian H int (R), which is diagonal in the |L, M L , S, M S basis. Here, R denotes the interatomic distance, L and S are the orbital angular momentum and the spin of the valence electron of Ba + , and M L and M S are the projections of L and S onto the internuclear axis, respectively. The adiabatic potential curves are obtained by the numerical diagonalization of H tot (R) and are shown in the central part of Fig. 3 . The result- Table I .
Then we compute the Franck-Condon factors for the transitions between the vibration states belonging to different electronic states.
Here, Ψ e (v, R) corresponds to the initial (upper) state of the transition and Ψ a (v ′ , R) corresponds to the final (lower) state. The calculated F (v, v ′ ) are shown in Fig.  4 . They represent two large groups of partially overlapping vibronic transitions centered at 590 and 620 nm.
In order to obtain the transition dipole moments for the four bands, we assume that the electronic eigenstates of Ba + * He exactly correspond to the eigenstates of Ba + in the |L, S, J, M J basis. We neglect any possible dependence of the transition probability on the internuclear distance. In fact, at small internuclear separations, the 
Ba
+ -He interaction may become stronger than the spinorbit interaction and lead to the spin-orbit uncoupling, as in the case of alkali-He exciplexes [13, 14] . In that case, the electronic states of the excimer correspond to the spin-orbit uncoupled |L, M L , S, M S states of the metal atom (ion). We have verified, that due to a stronger spin-orbit interaction in Ba + , the spin-orbit coupling is preserved and J remains a good quantum number at the relevant internuclear distances. The correspondence between the quasimolecular 2 Λ J states and |L, S, J, M J states is given in Table 2 . All quasimolecular eigenstates are doubly-degenerate.
Matrix elements of the transition dipole moment,
are expressed via the reduced transition dipole moment (L||D||L ′ ) that is common for all four bands. Here, L = 1, L ′ = 2 are the orbital angular momenta of the upper and lower state, respectively, S = S ′ = 1/2 is the spin, and J = 3/2, J ′ = 3/2, 5/2 are the total electronic momenta. By applying Wigner-Eckhart theorem and angular momentum decoupling rules [27] we obtain:
in the units of the reduced dipole moment (L||D||L ′ ) are given in the Table 2 . According to this calculation, the integrated intensity of the bands
The relative intensities of the peaks in the emission spectra are given by
Here, N (v) denotes the relative populations of the vibration levels in the G 2 Π 3/2 potential well.
We have also solved the Schrödinger equation for the unbound ground X 2 Σ 1/2 state and obtained the corresponding wavefunction Ψ g (E, R). We then computed the Franck-Condon factors for the transitions from the five bound states of the G 2 Π 3/2 manifold to this state. We assume that the transition dipole moment for those transitions is equal to that of the 6 2 P 3/2 → 6 2 S 1/2 transition in a free Ba + ion and does not depend on the internuclear separation.
IV. DISCUSSION
At the temperature of our experiments, the equilibrium (thermalized) populations of all vibration states except the lowest state should be very close to zero. However, it is not clear whether the relatively short lifetime of the laser-excited G 2 Π 3/2 state, τ = A −1 ≈ 10 ns, is sufficient for thermalization.
In Fig. 5(b) we show the high-resolution experimental spectrum of the G 2 Π 3/2 → X 2 Σ 1/2 bound-free transition together with the results of the calculation, assuming that only the v = 0 state is populated. The main peak centered at 478 nm is reproduced by the calculation reasonably well considering that there are no free parameters except for and only arbitrary vertical scaling. However, the smaller peaks at shorter wavelengths are not reproduced at all. We therefore assume incomplete thermalization of the vibronic states and attempt to fit the experimental spectrum by adjusting the populations of these five states. The result of this fit is shown in the same figure, and it closely reproduces all four peaks. The resulting relative populations N (v) are equal to 31%, 10%, 13%, 11%, and 35% for v = 0, 1, 2, 3, and 4, respectively.
In Figs. 5(c), (d) we show high-resolution experimental and calculated spectra of the bound-bound transitions. Each vibronic transition is represented by a Gaussian curve with 0.3 nm spectral width, which approximately corresponds to the resolution of our spectrometer. The height of each peak is determined using Eq. 3. We present two calculated results. The first calculation assumes N (v = 0) = 100%, N (v = 0) = 0, i.e., complete thermalization. The second calculation uses the same relative populations N (v) as those obtained from the fitting of the bound-free G 2 Π 3/2 → X 2 Σ 1/2 band. In both cases, we must introduce an extra shift of the calculated spectra by 2.0 nm towards longer wavelengths to approximately fit the peak positions. For the G 2 Π 3/2 → C 2 Π 3/2 and G 2 Π 3/2 → D 2 ∆ 5/2 bands, the resulting computed spectra fit the observed peak positions reasonably well. A better fit is provided by the calculation using fitted relative populations, although some peak heights disagree with the experimental data. For the G 2 Π 3/2 → A 2 Π 1/2 and G 2 Π 3/2 → B 2 Σ 1/2 bands, the experimental spectra are too weak for a detailed comparison, and only the strongest spectral component at 595 nm could be distinguished. We estimated the rotation constants for the bound states of Ba + * He studied here: B =h 2 /2µR 2 0 . Here, µ denotes the reduced mass of the molecule and R 0 is the interatomic distance of the corresponding state. For all states studied here, B ≃ 0.5 cm −1 . The resulting rotational structure could not be resolved in our experiment. It is very likely that the same type of Ba + * He quasimolecules can also be obtained in superfluid He, where larger polyatomic complexes can be expected, in analogy with alkali-He exciplexes [9, 12] . Since the structure of the complex is determined by the shape of the valence electron density distribution of Ba + , the states with L = 2 will give rise to qualitatively different structures from those of the L = 1 exciplexes studied earlier [9, 12] . Some idea of possible exciplex structures can be obtained from the angular distributions of the electron density shown on the left-hand side of Fig. 3 . In particular, the states B and C may be able to bind several He atoms on a ring around the waist of the orbital, in a plane orthogonal to the symmetry axis, plus two more He atoms on the axis.
It is also important to note that the states A, B, C, and D are metastable since the transitions from the parent 5 2 D 3/2,5/2 states to the ground state in the free ion are forbidden. It may be possible to accumulate a sufficient population in these states to study the absorption spectra of the same bound-bound transitions by the methods of high-resolution laser spectroscopy. In that case, the rotational structure could be resolved, which would provide much more detailed information about the structure and energetics of the quasimolecules and their temperature.
We are currently setting up a new experiment with the aim of trapping of Ba + ions in a static electric field in superfluid He [28] . The formation of metastable quasimolecules in states A, B, C, and D may lead to the depletion of the ionic population in the trap and therefore requires more detailed study.
